PROBLEM 14.1
KNOWN: Mixture of O, and N, with partia pressuresin the ratio 0.21 to 0.79.

FIND: Mass fraction of each speciesin the mixture.

SCHEMATIC:
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ASSUMPTIONS: (1) Perfect gas behavior.
ANALYSIS: From the definition of the mass fraction,
r Srj

Hence, with

coo P B _Mip
'TRT (A/mj)T AT

Hence
_ Mjpj IAT
' sm ipi /AT
or, cancelling terms and dividing numerator and denominator by the total pressure p,
— _MiX
' Su iXi
With the mole fractions as
021
0.21+0.79

XNy = PN, /p=0.79,

X0, =Po, /P =

find the mass fractions as

32" 0.21

= =0.233
32" 0.21+28 0.79

m02

MmN, =1- mo, =0.767.



PROBLEM 14.2
KNOWN: Partia pressures and temperature for a mixture of CO, and No.

FIND: Molar concentration, mass density, mole fraction and mass fraction of each species.
SCHEMATIC:

A ® CO9,Mm p =44 kg/kmol

B® No,mpg =28 kg/kmol

ASSUMPTIONS: (1) Perfect gas behavior.

ANALYSIS: From the equation of state for an ideal gas,
Ci= P—'
AT
Hence, with pa = pg,

Ca =Cp = 1bar

8.314° 10" 2 m3 sbar/kmol % ~ 298K

Ca =Cpg =0.040 kmol/mS. <
With rj =m;G, it followsthat
r o =44 kg/kmol~ 0.04 kmol/m3 :1.78kg/m3

r g = 28 kg/kmol” 0.04 kmol/m3=1.13 kg/m5. <
Also, with

Xj =G 1 §C;
find

Xa =xpg =0.04/0.08=0.5 <
and with

mj =r/Sr;
find

mp =1.78/(1.78+1.13) =0.61 <

mg =1.13/(1.78+1.13) = 0.39. <



PROBLEM 14.3

KNOWN: Mole fraction (or mass fraction) and molecular weight of each speciesin amixture of n
species. Equal mole fractions (or mass fractions) of O, N and CO, in amixture.

FIND:
SCHEMATIC:

ASSUMPTIONS: (1) Perfect gas behavior.

ANALYSIS: (a) With
_ri_ ri _ pi/RT _ pm/AT
mji=—=-= -0 - =
roari ap/RT apmi/AT
i [ [
and dividing numerator and denominator by the total pressure p,

a MjX
i
Smilarly,
_ pi_ rRT _ (ri/mj)AT
Xj =% -0 -0 =
ap ariRT a(ri/Mj)AT
i i i
or, dividing numerator and denominator by the total density r
m; /M
=i IMi <
a mj/mj
i
(b) With
M 0,X0y * MN,XNy +MCO,XCO, =32° 0.333+28" 0.33+44" 0.333=34.6
mo2 =0.31, m|\|2 =0.27, mCO2 =0.42. <
With
mo, /M 0, TMN, IM N, +mC02/MC02 =0.333/32+0.333/28 +0.333/44
mo, =2.987" 10°2
find
XN o =0.40, XCo, =0.25. <

X0, = 0.35,

X0, = XN, =XC0, = 0.333
or

mo, =MN, =Mco, =0.333
MCo, = 44



PROBLEM 14.4
KNOWN: Temperature of atmospheric air and water. Percentage by volume of oxygen in the air.

FIND: (a) Mole and mass fractions of water at the air and water sides of the interface, (b) Mole and
mass fractions of oxygen in the air and water.

SCHEMATIC:

X0p,air $:17itcr;n

Water (liquid)
X02,|iq T= 17OC

ASSUMPTIONS: (1) Perfect gas behavior for air and water vapor, (2) Thermodynamic equilibrium
at liquid/vapor interface, (3) Dilute concentration of oxygen and other gasesin water, (4) Molecular
weight of air isindependent of vapor concentration.

PROPERTIES: Table A-6, Saturated water (T = 290 K): pygp = 0.01917 bars. Table A-9, O,/water,
H = 37,600 bars.

ANALYSIS: (a) Assuming ideal gas behavior, pwyvap = (Nw,vap/V) =T and p = (N/V) =T, inwhich
case

Xw,vap = (Pw,vap/ Pair ) =(0.01917/1.0133) =0.0194 <
With My vap = (Pw,vaolpair) = (va,vap M w/Cair M 4y) = Xw,vap (M w/M 4y). Hence,
Mw,vap = 0.0194 (18/29) = 0.0120 <
Assuming negligible gas phase concentrations in the liquid,
Xw,lig = Mwlig=1 <

(b) Since the partial volume of a gaseous speciesis proportional to the number of moles of the
species, itsmole fraction is equivalent to its volume fraction. Hence on the air side of the interface

X0p, gy = 0205 <
MO, s = X0y ir (MO, /Mair ) =0.205(32/29) =0.226 <

The mole fraction of O, in the water is
XQgiq = POy 4y / H =0.208 bars/ 37,600 bars =5.53x10~° <

where poz,air = on,air Patm = 0.205 x 1.0133 bars = 0.208 bars. The mass fraction of Osin the
water is
— — -6 _ -6
MOy iq = XOpiq (Mo, /M, ) =553x1076(32/18) =9.83 10 <
COMMENTS: Thereisalarge discontinuity in the oxygen content between the air and water sides

of the interface. Despite the low concentration of oxygen in the water, it is sufficient to support the
life of aguatic organisms.



PROBLEM 14.5

KNOWN: Airisenclosed a uniform pressure in avertical, cylindrical container whose top and
bottom surfaces are maintained at different temperatures.

FIND: (& Conditionsin air when bottom surface is colder than top surface, (b) Conditions when
bottom surface is hotter than top surface.

SCHEMATIC:

T
|\ (3
XL AH" (02 ansz_)

T2

ASSUMPTIONS: (1) Uniform pressure, (2) Perfect gas behavior.

ANALYSIS: (a) If T1 > T, the axial temperature gradient (dT/dx) will result in an axia density

gradient. However, since dr /dx < O there will be no buoyancy driven, convective motion of the
mixture.

There will also be axia species density gradients, dro2 /dx and dr N, /dx. However, thereisno

gradient associated with the mass fractions (dmo2 /dx =0,dmyp ) ldx = 0). Hence, from Fick's
law, Eq. 14.1, there is no mass transfer by diffusion.

(b) If T{ <To, dr /dx >0 and there will be a buoyancy driven, convective motion of the mixture.
However, dmo2 /dx =0 and dmN2 /dx =0, and thereis gtill no mass transfer. Hence, although

there is motion of each species with the convective motion of the mixture, there is no relative motion
between species.

COMMENTS: The commonly used specia case of Fick’s law,

. dr
in=-Dpg—2
dx
would be inappropriate for this problem since r is not uniform. If applied, this specia case indicates

that mass transfer would occur, thereby providing an incorrect resullt.



PROBLEM 14.6

KNOWN: Pressure and temperature of hydrogen stored in a spherical steel tank of prescribed
diameter and thickness.

FIND: (a) Initia rate of hydrogen mass loss from the tank, (b) Initia rate of pressure drop in the tank.

SCHEMATIC:
D=100mm Hydrogen (A)
P STk =[0bar
Ca o715 kmol /m® 300K
CA (=0 Steel (B

Dpp= 0-3x10m?/s
a LR 770 22 kg fkmol
: a=2kgfkmo

ASSUMPTIONS: (1) One-dimensional species diffusion in a stationary medium, (2) Uniform total
molar concentration, C, (3) No chemical reactions.

ANALYSIS: (a) From Table 14.1

NA [ = Cao-CalL _ Ca.0
! R, dif (1/4pDAB)(1/ri - 1/r0)
4p(o.3' 10712 m2/s)1.5 kmol/m ”
NAr =00 m-tooszm) o> 10 kmolls
or
nar =MANA r =2 kg/kmol” 7.35" 10" 2 kmol/s=14.7" 10" P kgs. <

(b) Applying a species balance to a control volume about the hydrogen,
MA,st =- I\./|A,out =-DAr

d(raV) _pD3dra _ pD* dpp _pD3u A dpa

Ma g

dt 6 dt 6RAT dt  6AT dt
Hence
3
A 6(0.08314m xpar/kmol K | (300 K)
da_ AT = - 147" 10 Pkg/s
d pD3ua p(O.lm )2 kg/kmol
%:-3.50' 10" 7 bar/s. <

COMMENTS: If the spherical shell is appoximated asaplanewal, N x = Dag(Ca o) pD2/L =7.07
* 10™ kmol/s. This result is 4% lower than that associated with the spherical shell calculation.



PROBLEM 14.7

KNOWN: Molar concentrations of helium at the inner and outer surfaces of a plastic membrane.
Diffusion coefficient and membrane thickness.

FIND: Molar diffuson flux.

SCHEMATIC:
L=0.001m—te—>

_A(helium) =10 %n2
B(plasfic) Dag=10"m /s

C‘A,2.= 0. 005kmo//m3

CA,I =0.02 kmo//m3

ASSUMPTIONS: (1) Steady-date conditions, (2) One-dimensiond diffusion in a plane wall, (3)
Stationary medium, (4) Uniform C =Cp + Cp.

ANALYSIS: The molar flux may be obtained from Eq. 14.50,

10 9 m?/s (

0.02- 0.005)kmol/m°
0.001m

N& x =D—ﬁB(CA,1- Ca2)=

Ng y =1.5" 10" S kmol/sxm?.
COMMENTS: Themassflux is
nk x =M AN& y =4 kg/kmol ~ 1.5° 10" 8kmol/ssm?=6"10" kg/s>m2.



PROBLEM 14.8
KNOWN: Mass diffusion coefficients of two binary mixtures at a given temperature, 298 K.
FIND: Massdiffusion coefficients at a different temperature, T = 350 K.
ASSUMPTIONS: (@) Ideal gas behavior, (b) Mixturesat 1 atm total pressure.

PROPERTIES: Table A-8, Ammonia-air binary mixture (298 K), Dag =0.28 " 10* m2/s;
Hydrogen-air binary mixture (298 K), Dag =041~ 10* s,
ANALYSIS: According to treatment of Section 14.1.5, assuming ideal gas behavior,

D ag - T3/2

where T isin kevin units. It follows then, that for

NHz- Air:  Dag (350 K)=0.28" 10"4m?/s(350K /298K)*/?

Dag (350 K)=0.36"10"*m?/s

Hp- Air:  Dag (350 K)=041" 104 m?/s(350/298)%' 2

Dag (350 K)=052" 10" #m?/s
COMMENTS: Sincethe H, moleculeis smaler than the NH3z molecule, it follows that

DHy. air > PNHg_ ajr
as indeed the numerica dataindicate.



PROBLEM 14.9

KNOWN: Theinner and outer surfaces of an iron cylinder of 100-mm length are exposed to a
carburizing gas (mixtures of CO and CO,). Observed experimental data on the variation of the carbon

composition (weight carbon, %) in theiron at 1000°C as a function of radius. Carbon flow rate under
steady-state conditions.

FIND: (a) Beginning with Fick’slaw, show that dpg / d(#n(r)) isaconstant if the diffusion

coefficient, Dc_Fe, isaconstant; sketch of the carbon mass density, pg(r), as function of In(r) for such

adiffusion process; (b) Create a graph for the experimental data and determine whether Dc_pe for this
diffusion processis constant, increases or decreases with increasing mass density; and (c) Using the
experimental data, calculate and tabulate D¢ pe for selected carbon compositions over the range of the
experiment.

SCHEMATIC:

Iron cylinder, 1000°C
pc(r), L=100 mm

Carbon flow rate
3.6x103 kg in 100 h

ri=4.30 mm
rro=570mm

PROPERTIES: Iron (1000°C). p=7730 kg/mS.ExperimentaI observations of carbon composition

r (mm) 449 466 479 491 516 527 540 553
Wt. C (%) 142 132 120 109 082 065 046 028

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial diffusion in a stationary
medium, and (3) Uniform total concentration.

ANALYSIS: (@) For the one-dimensional, radial (cylindrical) coordinate system, Fick’slaw is

i d
IA =-DaB Ay % (1)

where A, = 21rL. For steady-state conditions, ja is constant, and if Dag is constant, the product

d
PA ¢ @

must be aconstant. Using the differential relation dr/r = d (Inr), it follows that

doa _
d(inr) “ )

so that on aln(r) plot, pa isastraight line. See the graph below for this behavior.

Continued .....



PROBLEM 14.9 (Cont.)

(b) To determine whether Dc_pe is a constant for the experimental diffusion process, the data are
represented on aln(r) coordinate.

Wt. carbon distribution - experimental observations

1.6

1.4 .

\\ —e—Exp data
1.2 \

=
I

Wt Carbon (%)
o
[ee)

o
(o2}
I

0.4 -

0.2

1.45 15 1.55 1.6 1.65 17 1.75

In (r, mm)

Since the plot isnot linear, Dc.Fe is ot a constant. From the treatment of part (a), if Dag ishot a
constant, then

doa
D =C
B d(Inr) 2

must be constant. We conclude that Dc.ge Will be lower at the radial position where the gradient is
higher. Hence, we expect D¢.fe to increase with increasing carbon content.

(c) From aplot of Wt - %C vs. r (not shown), the mass fraction gradient is determined at three
locations and Fick’s law is used to calculate the diffusion coefficient,

A (Wt-% C)

jo=—-pA, D
Jc=—PAr WC-Fe Ar

where the mass flow rateis
jc =36x1073 kg/100 h (3600's/ h) =1x10 kg/s

and p=7730 kg/m3, density of iron. The results of thisanaysisyield,

Wt-C (%)  r(mm) AWE-CIAr (%/mm)  De.pe % 10™ (m?s)
132 4.66 0.679 6.51
0.955 5.04 -1.08 3.79

0.37 5.47 -1.385 272



PROBLEM 14.10
KNOWN: Three-dimensional diffusion of species A in a stationary medium with chemical reactions.
FIND: Derive molar form of diffuson equation.
SCHEMATIC:

ASSUMPTIONS: (1) Uniform tota molar concentration, (2) Stationary medium.

ANALYSIS: Thederivation parallelsthat of Section 14.2.2, except that Eq. 14.33 is gpplied on a
molar basis. That is,

Nax *Nay+Naz "‘NA,g - NA x+dx - NA y+dy - NA z+dz = I'\|A,st-

With
N
NA,X+dX = NA,X + A’X dX, NA’y+dy =..
C
Na x =- DAB(dde)ﬂﬂ—xA, Nay =
Np g =N Up g = IoA
A,g = Na (dxdydz), NA st —dedydz
It follows that
Fog JCa0, T TCAO fa, TCA0,y -TCA <
"E s WEC Y 5 RE P TR N

COMMENTS: If Dpg is constant, the foregoing result reduces to Eq. 14.38b.



PROBLEM 14.11

KNOWN: Gas (A) diffuses through a cylindrica tube wall (B) and experiences chemical reactions at
avolumetric rate, Np .

FIND: Differential equation which governs molar concentration of gas in plastic.
SCHEMATIC:

ASSUMPTIONS: (1) One-dimensiond radid diffusion, (2) Uniform total molar concentration, (3)
Stationary medium.

ANALYSIS: Dividing the species conservation requirement, Eq. 14.33, by the molecular weight, O,
and applying it to adifferentiad control volume of unit length norma to the page,

Nar+ NA,g - Na r+dr =NA g

where
C
Nar = (20 ) NK = -2prDAB“ﬂ—rA
1N
NA r+ar =Nar + AL gy
qr
) ) ) 16 2prdrx)p
N g =- Na (201 >dir2) NAag = @CA(ﬂt L
Hence
‘H 1Ca 6 iCa
-N rdr)+2pDp Zdr= rdr—
A (2ordr)+2p Bar ﬂrzzp 1t
or

DaB ﬂaarﬂCAo NA:ﬂCA_ <
r & T o fit

COMMENTS: (1) Theminus sign in the generation term is necessitated by the fact that the
reactions deplete the concentration of species A.

(2) From knowledge of N (r,t), the foregoing equation could be solved for Ca (rt).

(3) Note the agreement between the above result and the one-dimensional form of Eq. 14.39 for
uniform C.



PROBLEM 14.12

KNOWN: One-dimensiond, radia diffuson of species A in astationary, spherica medium with
chemical reactions.

FIND: Derive appropriate form of diffusion equation.

SCHEMATIC:
N dr
4 s_._.
_Ir-/f Na,g \
N, l'vv\.np' N >
Ayry N l’ A,r+dr'
SIVA st
~_ /7
‘“\\/

ASSUMPTIONS: (1) One-dimensiond, radia diffusion, (2) Uniform total molar concentration, (3)
Stationary medium.

ANALYSIS: Dividing the species conservation requirement, Eq. 14.33, by the molecular weight, 0,
and applying it to the differential control volume, it follows that

Nar+Nag- NA r+dr =Na g

where
C
NAr :'DAB4pr2—ﬂ A
I
TN
NA r+ar =Nar + AL gy
2 ﬂgCA(“przdr)g
Na o =N ( d), Np g = |
A,g = Na (4proar As it
Hence
- 1 27CA 0 27Ca
N ( r2dr)+ LS SN — L Cdr=4prc—Ldr
Al4p 4pﬂr8AB . 4p T
or
1 ﬂab 271CaA 6.« _TCa
- = rc—=AZ4Np =—4 <
2 W& T g A T

COMMENTS: Equation 14.40 reduces to the foregoing result if C isindependent of r and variations
inf and q are negligible.



PROBLEM 14.13

KNOWN: Oxygen pressures on opposite sides of a rubber membrane.

FIND: (a) Malar diffusion flux of O,, (b) Molar concentrations of O, outside the rubber.

SCHEMATIC:
Rubber (B)
Oxygen (A) Oxyg en (A)
Par2bar  C0) Call) Eifl G, Caz
Caz [ L=05mm ’
X

ASSUMPTIONS: (1) One-dimensiona, steady-state conditions, (2) Stationary medium of uniform
total molar concentration, C = Cp, + Cg, (3) Perfect gas behavior.

PROPERTIES: Table A-8, Oxygen-rubber (298 K): Dag =021 10° m’/s; Table A-10, Oxygen-
rubber (298 K): S=3.12" 10 kmol/m %ar.

ANALYSIS: (a) For the assumed conditions

. dc Ca (0)- Ca (L
N x =JA,x=-DABd—XA=DAB Al )L Al )-

From Eq. 14.33,
Ca (0) =Spa 1 =6.24" 10 3kmol/n’®
Ca (L)=Spa 2=3.12" 10" 3Imol/m°,
Hence

(6.24' 10°3- 312" 10'3)km0I/m3

N& . =0.21" 10 °m?/s
! 0.0005 m

Ng y =1.31" 10" “kmol/sxm?. <

(b) From the perfect gas law

Cap=tALl_ 2 bar =0.0807 kmol/m3 <
: 3
AT (0.08314 m® bar/kmol ><K)298 K
Ca.2 =0.5Ca 1 =0.0404 kmol/m®>. <

COMMENTS: Recognize that the molar concentrations outside the membrane differ from those
within the membrane; that is, Ca 11 Ca(0) and Cp 2t Ca(L).



PROBLEM 14.14
KNOWN: Water vapor istransferred through dry wall by diffusion.
FIND: The massdiffusonratethrougha0.01” 3"~ 5mwal.

SCHEMATIC:
£-—“_.:‘"'
.Dr' wall—=2 g-f-»:_{;__\\_._ ?—In.su/aﬁon
A el et ==
S Sim S5 Dl mes

Moist air S=5x10 kmo//m3 bar

PA,I =0.03bar

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona species diffusion, (3)
Homogeneous medium, (4) Constant properties, (5) Uniform total molar concentration, (6) Stationary

medium with xa << 1, (7) Negligible condensation in the dry wall.
ANALYSIS: From Eq. 14.46,

dx A dc Ca1-Ca2
N x =-CDpg —2 =-Dpgp—2 =Dpg =22,
dx dx L

From Eqg. 14.33
Ca1=Spa1 =015 10" kmol/m®
Ca2=Spa2=0 kmol/m°,

Hence

‘103 3
N & =10 9m?/s’ 0.15 18 Oi(mollm =0.15" 10" 10 kmol/sxm?.
.01m

Therefore

na =M a (AxN&)=18kg/kmol” 15 m?” 0.15" 10" 19 kmol/sxm?

na =4.05 10" 2kg/s. <



PROBLEM 14.15

KNOWN: Pressure and temperature of CO, in acontainer of prescribed volume. Thickness and
surface area of rubber plug.

FIND: (@) Mass rate of CO» loss from container, (b) Reduction in pressure over a 24 h period.
SCHEMATIC:

a1 Rubber O- 02m<—>]

CO ]
V=102 s——i p.=5bar E[P “3 e A-3x10 4n2
T : T=25°C L) = NA.
:—___’"“: CA,I Ca,2

ASSUMPTIONS: (1) Loss of CO, isonly by diffusion through the rubber plug, (2) One-dimensiona
diffusion through a stationary medium, (3) Diffusion rate is constant over the 24 h period, (4) Perfect

gas behavior, (5) Negligible CO, pressure outside the plug.

PROPERTIES: Table A-8, CO,-rubber (298K, 1 am): Dag =011 10" ms; Table A-10, CO,-
rubber (298 K, 1 am): S=40.15" 10° kmol/m>sar.

ANALYSIS: (a) For diffuson through a stationary medium,

Ca1- C

Na = AD g CAL CA2
where Ca.1=Spa,1=40.15" 10 3 kmol/mS sbar” 5bar =0.200 kmol /m">

Ca,2 =5pa 2 =0.
Hence
3
i o 0.200- 0) kmol/ .
Np =3 10 4m2(0.11 10 9m2/s)( Jkmol/m” _ 2 3" 10" Bkmol/s
0.02 m

and

na =M aANa =44 kg/kmol ~ 3.30° 10" Bkmol/s=1.45"10" M kgrs. <
(b) Applying conservation of mass to a control volume about the container

dlrav) _ or d(GVv) _
at A at

Hence, with Cp = pa/AT,

_NA

dpa  NAAT 33 10 Bkmol/s” 8.314” 107 2m® xbar/kmol xK (298K ) _
=- =- -8.18" 10" Opar/s.

Hence

?jﬁ? =-8.18 10" Opar/s” 24h” 3600s/h=7.06" 10" ° bar. <



PROBLEM 14.16

KNOWN: Pressure and temperature of helium in a glass cylinder of 100 mm inside diameter and 5
mm thickness.

FIND: Massrate of helium loss per unit length.
SCHEMATIC:

D=01m
Helium (A) Glass cylinder (B)JO.OOSm thick

Pa 1= 4bar
T=25°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial diffusion through cylinder
wall, (3) Negligible end losses, (4) Stationary medium, (5) Uniform total molar concentration, (6)
Negligible helium concentration outside cylinder.

PROPERTIES: TableA-8, He-SiO» (298 K): Dag = 0.4 x 10 > m%s; Table A-10, He-SiO» (298
K): S=0.45 x 10" kmol/m’ bar.

ANALYSIS: From Table 14.1,

Cas-Cas2
In(rp /1)l 2nD ag

NAr

where, from Eq. 14.44, Cp s = Spa. Hence
Cha 51 =Spa 1 =0.45x10 3 kmol /m3 Bar x4bar =1.8 x10 >kmol /m>
Ca.s2=SPa 2 =0.

Hence

1.8x10™3kmol / m®
In(0.055/0.050)/ 211 0.4x10™%3 m? /5|

NAr

Na r =4.75x10™ kmol /s [in.

The mass lossis then

Na r =MaNRa r =4 kg/kmol x4.75 x10" 12 kmol /s M

na r =1.90x107 kg/s . <



PROBLEM 14.17

KNOWN: Temperature and pressure of helium stored in a spherical pyrex container of prescribed
diameter and wall thickness.

FIND: Mass rate of helium loss.

SCHEMATIC:
Helium gas (A),
PA= 4bar', T=25°C
Spherical pyrex ry=100mm
container (B

ASSUMPTIONS: (1) Steady-state conditions, (2) Helium loss by one-dimensiond diffusion in radia
direction through the pyrex, (3) C = Cp + Cg isindependent of r, and xa << 1, (4) Stationary medium.

PROPERTIES: Table A-8, HeSIO, (293K): Dag =04 10 m?s; Table A-10, He-SIO, (293

K): S=045" 10" kmol/m sar.
ANALYSIS: From Table 14.1, the molar diffusion rate may be expressed as

Na . = CASL CA
Ar -~ _
Rm,dlf
where
0 @ 0
Rt = - 2= 1_13 AT L 1 01617 102s/m3
4pDpgér1 rg 4\0(0-4’ 10 *°m /S) 0.1m 0.11mg
with
_ _ can-3 3 , _ can-3 3
Ca,s1=Spa = 04510 “kmol/m™bar” 4 bar =1.80" 10 “kmol/m
Ca,52=0
find
c1qa- 3 3
NA,r:1'8O 10 kmoI/;n —10- 55 kmol/s.
1.81° 102 s/m
Hence
n _ _ - an-15 — 1 1n-15 <
Ar=MANA =4 kg/mol” 10 ““kmol/s=4"10 ~“kg/s.

COMMENTS: Sincer; » rp, the spherica shell could have been approximated as a plane wall with L
=001 mand A »4pr2 =0.139 n?. From Table14.1,

Rm dif = = 130.(2)1m 5 =1.8" 10%s/m3
DaBA (0.4’ 10 °m /s)(0.137 m )
and
Casi-C 103
Np = CASLI"CAS2 180" 10 kmol/nf 10 B xmol/s.

Rm,dif 1.8" 102 s/m3
Hence the approximation is excellent.



PROBLEM 14.18

KNOWN: Pressure and temperature of hydrogen inside and outside of a circular tube. Diffugvity
and solubility of hydrogen in tube wall of prescribed thickness and diameter.

FIND: Rate of hydrogen transfer through tube per unit length.

SCHEMATIC:
(A)>H,
B Sord
Dyp=18x10"m?/s
ry=R0mm SAB—160kma//m5 -atm
f"z"ZO—S’ﬂm—

ASSUMPTIONS: (1) Steady diffusionin radia direction, (2) Uniform totad molar concentration in
wall, (3) No chemical reactions.

ANALYSIS: The masstransfer rate per unit tube length is

Ca(1)- Ca(r2)
In(r2/r1)/20DaB

where from Eq. 14.44, Ca s = Sps,

N& ;=

Ca (1) =Spa 1 =160 kmol/mS satm” 2 atm =320 kmol/m"

Ca(r2) =Spa 2 =160 kmol/m>>atm” 0.1atm =16 kmol/m°.

Hence,
B (320- 16)kmol /n? _ 304 kmol/m3
" In(20.5/20) /20" 18 10 Tm? /s 218" 1P s/m?
Ng& ; =1.39" 10" ® kmol/s>m. <

COMMENTS: If thewall were assumed to be plane,
5 104 m

= o= =2.21" 108 s/m?
DaBPD 1.8 10"~ m“/sp (0.04 m)

R, dif =

which is dose to the value of 2.18  10° /m? for the cylindrica wall.



PROBLEM 14.19

KNOWN: Dimensions of nickel tube and pressure of hydrogen flow through the tube. Diffusion
coefficient.

FIND: Massrate of hydrogen diffusion per unit tube length.
SCHEMATIC:

\— Nickel, Dag =102 m?/s

{E?:}/V/ Di=0.025m

PA,i = 4 bar Do = 0.028 m

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional diffusion through tube wall, (3) Negligible
pressure of Hy in ambient air, (4) Tube wall is a stationary medium of uniform total molar

concentration, (5) Constant properties.
PROPERTIES: Table A-10 (Ho—Ni): S=9.01 x 10" kmol/m’[bar.

ANALYSIS: From Table 14.1, the resistance to diffusion per unit tube length is
Rm.dif = In (Do/Dj)/21tDag, and the molar rate of hydrogen diffusion per unit length is

N . = 2nDap (CA,si -CA,so)
a In (Do /D;)

From Eq. (14.44), the tube wall molar concentrations are
Ca.s =Spa,; =9.01x10 3kmol /m?> (bar x4 bar =0.036 kmol / m>
CAs0=SPa,0=0

-12 2 3
Np [ = 2rrx10 ~“m*~/sx0.036 kmol/m —200x10~12 kmol /s
! In(0.028/0.025)

With M a =2kg/kmol for Ho,

Na.r =M aANa ; =2kg/kmol x2.00 10 *2kmol /s =4.00 <10 2 kg/s <

COMMENTS: The hydrogen lossis miniscule.



PROBLEM 14.20
KNOWN: Conditions of the exhaust gas passing over a catalytic surface for the removal of NO.
FIND: (&) Mole fraction of NO at the catalytic surface, (b) NO removal rate.
SCHEMATIC:

Exhaust gases
T=500C,p=1.2bar
x=L=1mm~> ~ ~—€xy 2015
Catalytic surface, X lNuo &——Mixture, Dyg=10"m?/s

k’1‘=005' mfs, A=200cm? XA,S’NA,S

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species diffusion through the film,
(3) Effects of bulk motion on NO transfer in the film are negligible, (4) No homogeneous reactions of
NO within the film, (5) Congtant properties, including the total molar concentration, C, throughout the
film.

ANALYSIS: Subject to the above assumptions, the transfer of species A (NO) is governed by
diffusion in a stationary medium, and the desired results are obtained from Egs. 14.60 and 14.61.
Hence

XA s _ 1 0.15

- XA,s = =0.10. <
XaL 1+(Lk§/Dag) 1+0.001m" 0.05m/g 104 m? /s

Also

N o =- kfExa L

S l+(LkP/DAB)
where, from the equation of state for a perfect gas,
=P - 5 31'2 bar = 0.0187 kmol/m3.
AT 8314 10" “m?xbar/kmol xK” 773 K
Hence
. 3.
NG <= - 0.05m/s” 0.0187 kmol/m4 %15 = 935 10°5 kmol /sxm2
1+(0.001m' 0.05m/s/10°% m /s)

or

N 5 =M ANg& 5 =30 kg/kmol ( 9.35"10°5 kmol/s>m2) =-280" 10" 3kg/sxm2.
The molar rate of NO removal for the entire surface is then

Nas = N& A =-9.35" 10" kmol/sxm?" 0.02 m? = - 1.87" 10" ®kmol/s

nas=-561" 10" "kgls. <

COMMENTS: Because bulk maotion islikely to contribute significantly to NO transfer within the film,
the above results should be viewed as a first approximation.



PROBLEM 14.21

KNOWN: Radius of coa pellets burning in oxygen atmosphere of prescribed pressure and
temperature.

FIND: Oxygen molar consumption rate.

SCHEMATIC:
1= 0. 001771
44— C:CA+CB
0.(A) Dyg=1.71x10 *%n?/s

%(B) k”=0.1 m/s

T H "

NA =-k1 Calro)

ASSUMPTIONS: (1) One-dimensiona diffusioninr, (2) Steady-state conditions, (3) Constant

properties, (4) Perfect gas behavior, (5) Uniform Cand T.
ANALYSIS: From Equation 14.53,

dagadCas_,

drg a g

dCp /dr=C1/r2 or Ca =-C/r+Co.
The boundary conditionsat r ® ¥ andr = r, are, respectively,

CA(¥):C ® Cr=C

. dx dC
N& =N (o) =- CDABd—A =-Dap—2
r I dr I
Hence
- k§{- C1/15+C)=- DagCy/ rg
kf(C]_/ I’O) +Dap (C]_/ I’g) =k or C= kfic AR
(kf 15 )+ (DAB /g )
The oxygen molar consumption rate is
dCp kg
N&(rqg)=-Dap—=| =-Dap————
%(r0)=-DaB |y ABlg +Dan
where c=-P - Ldm =8.405" 10" 3 kmol/m®.

AT (8.205’ 10" 2m3>atm/kmol >4<)145o K
Hence,
2,,0.1m/s’ 8405 10" 3kmol/md

- o =-5.30" 10" 4 kmol/sxm?
(10' +1.71 107 )m

Ng (o) =-1.71" 10" *m
/s

N ( — 2 _ 2. p -4 2

A (10) =4prENg (ro) =4p (0.001 m)“” 5.30" 10" kmol/sXm

Na (o) =6.66" 10 Y kmol/s. <

COMMENTS: The O, consumption rate would increase with increasing kff and approach alimiting
finite value as k{f approaches infinity.



PROBLEM 14.22

KNOWN: Radius of coa particles burning in oxygen atmosphere of prescribed pressure and
temperature.

FIND: (a) Radid digtributions of O, and CO,, (b) O, molar consumption rate.

SCHEMATIC:
r'o‘-'0.00Im

i AR
T=1450K - CO(BY
Latm Surface reaction: C+0;>CO0O,

ASSUMPTIONS: (1) One-dimensiona, steady-state conditions, (2) Uniform total molar
concentration, (3) No homogeneous chemica reactions, (4) Codl is pure carbon, (5) Surface reaction

rate is infinite (hence concentration of O, at surface, Cp, is zero), (6) Constant Dag, (7) Perfect gas
behavior.
PROPERTIES: Table A-8, CO, ® Oy; Dag (273K)=0.14" 10* m2/s; Dag (1450 K) = Dag
@73K) (145012732 = 171" 10* m¥s.
ANALYSIS: (@) For the assumed conditions, Eq. 14.53 reducesto

dx20Ca0_

dr 8 dr g

r2(dCA/dr):Cl or  Cp =-(Cq/r)+C»p

From the boundary conditions:
Ca (¥) =C® Cr=C
Ca (o) =0® 0=-C/rp+C Cy =Cr,.

Hence, recognizing that C = Cp + Cg,
Ca =C- C(1p/r)=C(1-ro/r) Cg =C- Ca =C(ro/1). <

(b) The conditions correspond to equimolar, counter diffuson (N& =-Ng), with

adx dC 0
Na,r = N& (4p1° =-CDpg4p1° —2 = - Dag 4 1° —2-=- HDppr” ¢+ —2 += - 4pDpgClo.
dr dr g r“ o

With

P - 1am =8.405" 10" 3kmol /B

AT 8205 10" 2 n xatm/kmol xK~ 1450 K

C=

find
Nas =171 104 m?/s" 4p” 8.405" 10" 3kmol/m°(10"% m)

Nar =181 10" 8kmol/s. <



PROBLEM 14.23

KNOWN: Pore geometry in a catalytic reactor. Concentration of reacting species at pore opening
and order of catalytic reaction.

FIND: (a) Differentia equation which determines concentration of reacting species, (b) Distribution
of reacting species concentration along the pore.

SCHEMATIC:

ASSUMPTIONS: S ) Steady-state conditions, (2) One-dimensional diffusion in x direction, (3)
Stationary medium, (4) Uniform total molar concentration.

ANALYSIS: (a) Apply the species conservation requirement to the differential control volume,
NA,X - kaA (p D) dx - NA,X+dX =0, where

NA x+ax = Na x +(dNa x /dx) dx
and from Fick’s law
dxa 0pD* _ pD® | dCa

&

N =+~-CD e .

AX 8 AB dx g 4 4 AB dx

Hence
2 2

- NA 4 kg (pD)dx =P D pg ICA . kgea (pD)dx =0

dx 4 dx

2

dx2 DDag

(b) A solution to the above equation is readily obtained by recognizing thet it is of exactly the same
form as the energy equation for an extended surface of uniform cross section. Hence for boundary
conditions of the form

CA(O): Ca 0 -DaB (dCA /dX)X:L =kfp (L)
the solution must be analogous to that obtained for a fin with a convection tip condition. With the
analogous quantities

Cao« q°T-Ty, m°(4kjt/DDAB)1/2 « (4h/Dk

Dap « K, kff< h
the solution is, by analogy to Eq. 3.70

Ca (x)= cosh m(L - x)+(k$/mD ag)sinh m(L - x)
AV cosh mL + (k$/mDag)sinh mL '

1/2
)

<

COMMENTS: Thetotal pore reaction rateis— Dag(p D2/4) (dCa/dX)x=0, Which can be inferred by
applying the analogy to Eq. 3.72.



PROBLEM 14.24

KNOWN: Pressure, temperature and mole fraction of CO in auto exhaust. Diffusion coefficient for
CO in gas mixture. Film thickness and reaction rate coefficient for catalytic surface.

FIND: (a) Molefraction of CO at catalytic surface and CO removal rate, (b) Effect of reaction rate

coefficient on removal rate.

SCHEMATIC:
p = 1.2 bar, T = 500°C, xa | = 0.0012

Thin film
CO, / Dag = 10 m?/s
col T l 0, .
Catalytic surface
x t / ky = 0.005 m/s
2C0O + O, —>2C0y

ASSUMPTIONS: (1) Steady-state, (2) One-dimensiona speciesdiffusionin film, (3) Negligible
effect of advection in film, (4) Constant total molar concentration and diffusion coefficient in film.

ANALYSIS: From Eg. (14.60) the surface molar concentration is
XA L _ 0.0012
LKi/Dag) 1+ (0.0lm x0.005m/s/10™4m? /s)

L=0.01m

=0.0008 <

XA (O) - 1+(

With C = pl=T = 1.2 bar/(8.314 x 10 m°Bar/kmol K x 773 K) = 0.0187 kmol/m°, Eq. (14.61) yields
a CO molar flux, and hence a CO removal rate, of

k‘iCXA,L
(Lki/Dag)

0.005m/sx0.0187 kmol / m3 x0.0012
1+ (0.0Jm x0.005m/s/10 4 m? /s)

I\luA,s =-Na (0) :1+

Na =7.48x10"8kmol /s ? <

If the processis diffusion limited, Lk]/Dag >>1 and

C Dag X 0.0187 kmol / m® x10~*m? /sx0.00 _
Na s = AEE AL - mo momm m ’s 12 5 o4 x1077kmol /s T2 <

COMMENTS: If the processisreaction limited, Njp g — Oasky - 0.




PROBLEM 14.25

KNOWN: Partial pressures and temperatures of CO, at opposite ends of a circular tube which aso
contains nitrogen.

FIND: Mass transfer rate of CO, through the tube.

SCHEMATIC: P:760mmH9
PA’O-'-IOOmm /‘/9 \ 1=25C D=0.05m~ ‘lr
peco, | W W | | P
B /':< L=1m ~,4:’\

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiond diffusion, (3) Uniform
temperature and total pressure.

PROPERTIES: Table A-8, CO,— Ny (T » 208K, 1 am): Dag =0.16 10 m?/s.
ANALYSIS: From Eq. 14.70 the CO, molar transfer rate is

Ny = DAB(pD2/4) PA.0- PA.L
ATTTTAT L

016" 10" *m?/s(p /4)(0.05 m)? (100 50) mmHg
0.08205 m® xatm/kmol xK” 298 K 1 m” 760 mmHg/atm

Na =845 10" L kmol/s.

The mass transfer rate is then
na =M ANa = 44kg/kmol” 8.45 10" M kmol/s
na =3.72° 10 2kgls. <

COMMENTS: Although the molar transfer rate of N in the opposite direction isNg =8.45 ~ 10t
kmol/s, the mass transfer rate is

ng =M gNp =28 kg/kmol~ 8.45" 10" M kmol/s=2.37" 10" 2kg/s.
B =MgNp



PROBLEM 14.26

KNOWN: Conditions associated with evaporation from aliquid in a column, with vapor (A) transfer
occurring in agas (B). 1n one case B has unlimited solubility in the liquid; in the other case it is
insoluble.

FIND: Case characterized by the largest evaporation rate and ratio of evaporation ratesif pp = 0 at
the top of the column and pa = p/10 at the liquid interface.

SCHEMATIC:

—X=L)XA,L: (PA,L/P):O
P=PatPs

P

x=0, XA,0=(PA,0/ p)=01

\NW""\—J\
-Liq_uid, AT
C'/‘.—“A. L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species transfer, (3) Uniform
temperature and total pressure in the column, (4) Constant properties.

ANALYSIS: If gasB has unlimited solubility in the liquid, the solution corresponds to equimolar
counter diffusion of A and B. From Egs. 14.63 and 14.68, it follows that

XA,0° XA L

dx
N& x =-CDap d—XA =CDaB (h)

If gas B is completely insoluble in the liquid, the diffusion of A is augmented by convection and from
Egs. 14.73 and 14.77

1-x
Ng , =-CDag ZA +cav = SPAB n 2  XAL
’ dx 1- XA.0

Comparing Egs. (1) and (2), it is obvious that the evaporation rate for the second case exceeds that for
thefirst case. Also

@

NEx(so) _ (CDa/L)(xp0-XAL)  _ 0.1- 0

N% x(insol (CDAg/L)In(1- xa,L )/(1- xa,0) InEL- 0)/(1- 0.1)g
M;o_gmg <
NK x(insol)

COMMENTS: The above result suggests that, since the mole fraction of the saturated vapor is
typicaly small, the rate of evaporation in a column is well approximated by the result corresponding to
equimolar counter diffusion.



PROBLEM 14.27
KNOWN: Water in an open pan exposed to prescribed ambient conditions.
FIND: Evaporation rate considering (a) diffusion only and (b) convective effects.

SCHEMATIC:
0025
— —_— 7,;=2‘7°C
X ’[: , <—FPan, D=0.2m
L=80mm-~

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona diffusion, (3) Constant properties,
(4) Uniform T and p, (5) Perfect gas behavior.

PROPERTIES: Table A-8, Water vapor-air (T = 300K, 1 am), Dag =026~ 10 mé/s; Table A-6,
Water vapor (T = 300K, 1 am), ps = 0.03513 bar, vg=39.13 m3/kg.

ANALYSIS: (@) Theevaporation rate considering only diffusion follows from Eq. 14.63 smplified for
adtationary medium. That is,

dC

NAx =N x %A =-D agA—A2.

Recognizing that f © pa/pa sat = Ca/Ca sat, the rate is expressed as
Ca¥ - Cas_DpagA

Nax =-DagA - Casat (1-fy)
san-4 2 2
0.26" 10" *m? /s(p /1 4)(0.2 1 _
Na x = m S(Z )(0.2m) - (1- 0.25)=1.087" 10" ®kmol/s
80710 °m 39.13 m” /kg” 18 kg/kmol

where Cp s :1/(ngA) with M 5 =18 kg/kmol.

(b)The evaporation rate considering convective effects using Eq. 14.77 is

N = NG , %A = SPABA |, 1- XAL
’ ’ L 1- XA,0

Using the perfect gas law, the total concentration of the mixtureis
C=p/AT =1.0133 bar/ (8.314' 10~ 2m3sbar/kmol xK” SOOK) = 0.04063 kmol /3

wherep =1 am = 1.0133 bar. The mole fractionsatx =0andx =L are

PAs 0.03531bar
X SREAL L =0.0348 X =fyx =0.0087.
AD Ty T 1 01330ar AL =T¥7A0

Hence

_ 0.04063kmol/m>” 026" 10" *m?/s(p/4)(0.2 m)? . 1- 0.0087
80" 10" m 1- 0.0348

NA x =1.107" 10" 8kmolris. <

COMMENTS: For this dtuation, the convective effect is very small but does tend to increase (by
1.5%) the evaporation rate as expected.



PROBLEM 14.28

KNOWN: Vapor concentrations at ends of atube used to grow crystals. Presence of an inert gas.
Ends are impermeable to the gas. Constant temperature.

FIND: Vapor molar flux and spatial distribution of vapor molar concentration. Location of maximum
concentration gradient.

SCHEMATIC:

CA,o > CA,L

ASSUMPTIONS: (1) One-dimensiona, steady-state conditions, (2) Constant properties, (3) Constant
pressure, hence C is constant.

ANALYSIS: Physicd conditions are analogous to those of the evaporation problem considered in
Section 14.4.4 with

Ca, 0> Ca L ® diffusion of vapor from source to crystal,
Cg,L > Cg o ® diffusion of inert gas from crystal to source,

Impermeable ends ® absolute flux of species B is zero (Ng,X =0); hence vg x = 0.

Diffusion of B from crystal to source must be balanced by advection from source to crystal. The
advective velocity is v:( = N&% , /C. The vapor molar flux is therefore determined by Eq. 14.77,

_CDap | &-xa L 0

N = : <
R’X L 1- XA.0 B
and the vapor molar concentration is given by Eq. 14.75,
X/L
C &A- XA,L (0]
XA :?AZJ.- (1- XA,o)él—i : <
- XAO0g
From Eq. 14.72,
dx
d—A =-N& x (1- xa)/CD aB
X
dC N& «
A - : (l- XA).
dx DaB

Hence maximum concentration gradient corresponds to minimum X, and occurs at
X =L.

COMMENTS: Vapor transfer is enhanced by the advection, which is induced by presence of the
inert gas.



PROBLEM 14.29
KNOWN: Spherica droplet of liquid A and radiusr, evaporating into stagnant gas B.

FIND: Evaporation rate of species A interms of pa s, partia pressure pa (r), the total pressure p and
other pertinent parameters.

SCHEMATIC:
pA( (r‘) A:+B
Liiuid droplet (A) }/ A p.l
V / I\Kdr
To

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial, species diffusion, (3)
Constant properties, including total concentration, (4) Droplet and mixter air at uniform pressure and
temperature, (5) Perfect gas behavior.

ANALYSIS: From Eq. 14.31 for aradia spherica coordinate system, the evaporation rate of liquid A
into a binary gas mixture A + B is

dCp CA
N =-DapA —+—
Ar ABr dr C A,r

where A, = 4pr2 and Na r = Na, aconstant,

Na gl- C—A?LDABMHDr .
& Cog

From perfect gas behavior, Cp =pa /AT and C=p/AT,

_ p dpa
N - =-D >4pr X —
A(P-pa)=-Dag AT

Separating variables, setting definite limits, and integrating
AT 1 rdr_ par doa

N
p 4pDag B 12 Ao P- PA

find that
p 1 In P-PA (I’) <
AT1- ro/r p- PA.0

Na =4proDaB =

where pa o =pa (To) = Pa sat - the saturation pressure of liquid A at temperature T.

COMMENTS: Compare the method of solution and result with the content of Section 14.4.4,
Evaporation in a Column.



PROBLEM 14.30

KNOWN: Vent pipe on a methanol distillation system condenser discharges to atmosphere at 1 bar.
Cooler and vent at 21°C. Vapor volume of cooler is0.005 m

FIND: (a) Weekly loss of methanol vapor due to diffusion out the vent pipe and (b) Weekly loss due
to expulsion of methanol vapor in the cooler once per hour caused by process hest rate change.

SCHEMATIC:
/‘PA,z

_T_a(:q’:)@SS mm
1=0.5m | Vent pipe
¥

DAL Cooler, methanol vapor

Pa=100mm Hg, V=0005m3

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species transport, (3) Uniform
temperature and total pressure in vent pipe, (4) Constant properties, (5) Perfect gas behavior.

PROPERTIES: Methanol-air mixture (given, 273 K): Dag =0.13° 10* mé’s.
ANALYSIS: (@) The methanol transfer rate through the vent follows from Eq. 14.77
2 1- /
Na x =N& x ¥Ac PD” CDAg In PA.2 D
' ! 4 L 1- pA,llp
where pa 2 = 0and pa 1 = pa =100 mmHg = 0.1333 bar = 13.3 kPa,

c=-P - — Lbar = 4093 10" 2kmol/m3
AT 8314 10" “m®xbar/kmol XK (21+273) K

3/2

D ag (294K ) = D ag (273) (294/273)*'2 =0.13" 10" *m? / s(294/273)*/ 2
Subgtituting numerical vaues, find the rate on aweekly basis as

p (0.035 m)? 3, 0145 10'4m2/s,IP 1- 0
0.5m 1- 0.1333/1
"3600s/h” 24h/day” 7day/week =9.883" 10 Skmol /week

ma =NaM p =9.883" 10" °kmol/week " 32 kg/kmol =0.00316 kg/week. <

=0.145" 10" *m? s,

Na = * 4.093 10" 2kmol

(b) The methanol vapor in the cooler of volume 0.005 m°is expelled once per hour, so that the
additional masslossis ma =nNaM p, where na is

_paV _ 0.1333bar” 0.005nT
AT  8314° 1072 m3 sbar/kmol xK~ 294 K

A =2.728" 10" °kmol

from which it follows that

mpa =2.728" 10 Skmol/” 24" 77 32 kg/kmol =0.1467 kg/week. <

COMMENTS: Note that the loss through the vent is approximately 2% that lost by expulsion when
the process hedt rate is varied.



PROBLEM 14.31

KNOWN: Clean surface with pure steam has condensate rate of 0.020 kg/m2>s for the prescribed
conditions. With the presence of stagnant air in the steam, the condensate surface drops from 28°C to
24°C and the condensate rate is halved.

FII ND: Partia pressure of air in the air-steam mixture as a function of distance from the condensate
ilm.

SCHEMATIC:
T(°C)28 — Pal( )’).&: :)o
Pure team (D), 600
24 400
20 _ A MPAp:PA@a” 200
- $Condensate &>V 0 5 10 15 y(mim)

ASSUMPTIONS: (1) S -state conditions, (2) Constant properties including pressure in air-steam
mixture, (3) Perfect éa% be?welaf\j}i/or. @ Propet 9P

PROPERTIES: Table A-6, Water vapor: pgt (28°C = 301 K) = 0.03767 bar; py (24°C =297 K) =
0.02983 bar: Table A-8, Water-air (298 K, 1 bar): Dag =0.26 ~ 10" m’/s.

ANALYSIS: The partial pressure distribution of the air as a function of distance y can be found from
the species (A) rate expression, Eq. 14.77,

Nﬁ’y :(CDAB /y)In(l- XA,y)/(l' XA,O)-
Wwith C=p/AT, Xy =1- XAy and xg o =1- Xp o recognizing that xg = pg/p, find
AT 0
Y-+
PDAB o
Pg o =P- PA,0 =Psa (28°C)- psat (24°C) =(0.08767 - 0.02983) bar =0.00784 bar.

=S
pe(Y)= DB,O@XDgNRy

With Ng y =- (0.020/2)kg/m?>s/28kg/kmol =357" 10" *kmol/m?ss,

4 5 8.314° 10" 2m3xbar/kmol ¥~ 299 K O
kmol/m*xs ) +
0.03767 bar” 6.902° 10 4m?/s 5

e
pg (¥)=0.0784 bar” exp §3.57' 10

pg (v)=784kPa” exp(- 0.3415y)

with pg in[kPa] and y in [mm], where T = 26°C = 299 K, the average temperature of the air-steam
mixture, and Dag » p - T-2=026 " 10 m?/s (1/0.03767) (299/298) Y% = 6902 10 mP/s. Selected
values for the pressure are shown below and the distribution is shown above:

y (mm) 0 5 10 15

pe(y) (kPa) 784 142 258 4.7

COMMENTS: To minimize inert gas effects, the usua practice isto pass vapor over the surfaces so
that the inerts are eventually collected near the outlet region of the condenser. Our estimate shows
that the effective region to be swept is approximately 10 mm thick.



PROBLEM 14.32

KNOWN: Column containing liquid phase of water (A) evaporates into the air (B) flowing over the
mouth of the column.

FIND: Evaporation rate of water (kg/h @2) using the known value of the binary diffusion coefficient
for the water vapor - air mixture.

SCHEMATIC:
Air (B) Chamber
—> p =0.25 atm
L=150 mm — T=320K
+
X
T |~ Water (A)

ASSUMPTIONS: (1) Steady-state, one-dimensional diffusion in the column, (2) Constant
properties, (3) Uniform temperature and pressure throughout the column, (4) Water vapor exhibits
ideal gas behavior, and (5) Negligible water vapor in the chamber air.

PROPERTIES: Table A-6, water (T = 320 K): psg = 0.1053 bar; Table A-8, water vapor-air (0.25

atm, 320 K): Since Dag ~p T2 find

3/2

Dag =026x10™% m? /5(1.00/0.25) (320/298)¥ % =1157 x10™* m? / s

ANALYSIS: Equimolar counter diffusion occursin the vertical column as water vapor, evaporating
at the liquid-vapor interface (x = 0), diffuses up the column through air out into the chamber. From
Eq. 14.7, the molar flow rate per unit areais

N x = & DAB p T XAL
XL 1-Xa 0

where C is the mixture concentration determined from the ideal gaslaw as
0.25 atm

c=_F_= =0.009397 kmol/m®
RiT  8.205x1072 mS Gm/kmol K x320 K
where R, = 8.205x1072 mS @mvkmol K. The molefractionsat x = 0 and x = L are
Xa,L =0 (no water vapor in air above column)
XA 0 = Pa / p=01053/025=04212
where pp isthe saturation pressure for water at T = 320 K. Substituting numerical values

Ny . 0009397 kmol / m3 x 1157 x10™4 m?2 / s (170)
A 0.150m (1-0.4212)

N x = 3964 x1076 kmol / m? 3
or, on amass basis,

MA x =NA xMa
ma x = 3964 x107 kmol / m? 8x3600 s/ h x18 kg/ kmol

Mh x = 0257 kg/ m? [h <



PROBLEM 14.33
KNOWN: Ground level flux of NO, in a stagnant urban atmosphere.

FIND: (a) Vertica distribution of NO, molar concentration, (b) Critical ground level flux of NO,,
NR,O,crit-

SCHEMATIC:

{Air (B) T-300K

k1=0.03$-1 N =_k C
Dyp=0.15x10 *m2/s AT TIVA

P (0) ' =2X10-6bar X T T T T NOZ. (A) emissions, NX,O
AtTcrit

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiond diffusion in a stationary medium,

(3) Total molar concentration C is uniform, (4) Perfect gas behavior.
ANALYSIS: (@) For the prescribed conditions the molar concentration of NO» isgiven by Eq. 14.80,
subject to the following boundary conditions.
Ca(¥)=0, dC_A9 :ﬂ
dx g=0 DaB

From the first condition, C; = 0. From the second condition,
- mC2 =- NQ,O/DAB'

Hence
Nﬁ,o & MX <
mD a

Ca(x)=

where m = (ky/Dag) 2.

N
(b) At ground level, Cp (0) = ﬂ Hence, from the perfect gas law,
mD AB
" ATNQ 0
0)=Ca (0O)AT =————,
pa (0)=Ca (0) —

1

Hence, with m = (0.03/0.15 10'4)]J2 mt=447m"

NE 0. ic = ABPA (0)git _ 44.7m Y 015" 10 4m?/s” 2° 10 O bar
,0,crit = = = T i
AT 8.314" 10" 2m?3 xbar/kmol xK~ 300 K

Ng 0 crit =5.38" 10" Lkmol/sxm?. <

COMMENTS: Because the dispersion of pollutants in the atmosphere is governed strongly by
convection effects, the above model should be viewed as a first approximation which describes a worst
case condition.



PROBLEM 14.34

KNOWN: Radius of aspherical organism and molar concentration of oxygen at surface. Diffusion
and reaction rate coefficients.

FIND: (a) Radial distribution of O concentration, (b) Rate of O, consumption, (c) Molar
concentration at r = 0.

SCHEMATIC:
Calfo) = o= 10%m
Cao= 5x107° kmol/m?3

Organism
ko =1.2x10™ kmol/s-m?3
Dag = 108 m?/s

ASSUMPTIONS: (1) Steady-state, one-dimensional diffusion, (2) Stationary medium, (3) Uniform
total molar concentration, (4) Constant properties (kog, Dag).
ANALYSIS: (@) For the prescribed conditions and assumptions, Eq. (14.40) reduces to

Dag d 02dCa0_

ko =0
p2dr dr 0

r2 dCa _ ko I‘3
dr 3DAB

+C1

2
_ kor —ﬂ+02

Ca =
A 6DAB r

With the requirement that Ca(r) remain finiteat r = 0, C; = 0. With Ca(ro) =Ca o

2
kor
Co=Cpp——2>
6DAB
Ca =Ca o —(kog/6D )(rz—rz) <
A A,0 0 ABJ/{'o

Because Cp cannot be less than zero at any location within the organism, the right-hand side of the
foregoing equation must always exceed zero, thereby placing limits on the value of Ca o. The
smallest possible value of Cp o is determined from the requirement that Ca(0) = O, in which case

CA,OZ(korg/GDAB) <

(b) Since oxygen consumption occurs at a uniform volumetric rate of ko, the total respiration rateis
R =0k, or

R = (4/3)midkg <

Continued .....



PROBLEM 14.34 (Cont.)

(c) Withr =0,

— 2
CA (0) = CA,O —ko o /GDAB
2
Ca (0)= 5x10™° kmol /m® —1.2 x10~* kmol / s > (10_4m) /16x108m2/s

Ca (0) =3x10™>kmol /m® <
COMMENTS: (1) The minimum value of Cp o for which aphysically realistic solution is possible is

Ca.o =Ko r02/6DAB =2x10™° kmol / m*.

(2) Thetotal respiration rate may also be obtained by applying Fick’slaw at r = rq, in which case
R = _NA (I"O) = +DAB (4nr02)dCA /dl"|r:r0 :DAB (47TR%)(|(O/6DAB)2|"0 =(4/3) Tlrgko
The result agrees with that of part (b).



PROBLEM 14.35

KNOWN: Radius of aspherical organism and molar concentration of oxygen at its surface.
Diffusion and reaction rate coefficients.

FIND: (a) Radial distribution of Oo concentration, (b) Expression for rate of O, consumption, (c)
Molar concentration at r = 0 and rate of oxygen consumption for prescribed conditions.

SCHEMATIC:

Chffo) = o= 10%m
Ca o = 5x1 075 kmol/m3

Organism
k1= 20 s
Dag = 108 m?/s

ASSUMPTIONS: (1) Steady-state, one-dimensional diffusion, (2) Stationary medium, (3) Uniform
total molar concentration, (4) Constant properties (kq, Dag).
ANALYSIS: (@) For the prescribed conditions and assumptions, Eq. (14.40) reduces to
1d 2dCp O
—— rc-—-27-k1Cp =0
r2 dr ﬁj ABT T LA
Withy = r Ca, d Ca/dr = (Ur) dy/dr —y/r* and

2 dr dr O 2

1d 2dCAO0_Dpp dO dy _ 1 _Dag = d“y0
r = r—= -y =—A2
ﬁDAB dr B r2 EH dr )H r2 ﬁ/ ﬁ

The species equation is then
Py K

dr? DaB
The general solution is of the form

y=0

y :Clsinh(kllDAB)llzr +Co cosh(kllDAB)llzr

or

CA :%Sil’]h(kl/DAB)]'/2 r+%COSh(k1/DAB)1/2 r

Because Ca must remain finiteat r = 0, C = 0. Hence, with Ca () = Ca o,

Cao'o
sinh (k1/ DAB

Cl =
)1/ 2 o

and

Continued .....



PROBLEM 14.35 (Cont.)
Dro 0 sinh(kll DAB)llzr

<
° ET Sinh(kll DaB )1/2 o

CA :CA,

(b) Thetotal O> consumption rate correspondsto the rate of diffusion at the surface of the organism.

R = —NA (ro) = +DAB (4m§)dCA/dr|ro

. O 0
R= 4ngAB Caolo B—iz +i(k1/ DAB)1/2 COt(kl/ DAB)1/2 roJ
ro To
R =4mm, Dap Ca o (acoth o -1) <

2 1/2
where a = (klro /DAB)

(c) For the prescribed conditions, (kllDAB)ll2 =(20 st:10® m2/s)1/2 = 44,720 M and o = 4.472.

)1/2r )1/2r

-5 3 -4 . )
5%x10 “kmol/m~x10 "'m sinh(kq/D —10 kmol sinh(kq/D
— y ( 1'YAB ~1.136 x10 10 » ( 1'YAB
sinh (4.472) r m3 r

Ca

Inthelimit of r - O, the foregoing expression yields

Ca(r - 0) =5.11x10"%kmol / m3 <

R = 471x10"*m x10"8m?2 /s x5 x10 2kmol / m® (4.472coth 4.472 -1)
=2.18x10"Okmol /s
COMMENTS: Thetotal respiration rate may also be obtained by integrating the volumetric rate of
consumption over the volume of the organism. That is, R = —J’ Np d J’(;O k1Ca (r)4rrr2dr.



PROBLEM 14.36

KNOWN: Radius and catalytic reaction rate of a porous spherica pellet. Surface mole fraction of
reactant and effective diffusion coefficient.

FIND: (&) Radid distribution of reactant concentration in pellet, total reactant consumption rate, and
pellet effectiveness, (b) CO consumption rate and effectiveness for prescribed conditions.

SCHEMATIC:
4 =0.04
CuO coated 4 A s
alumina pellef, ' Deopp=2x10 m3fs
A, =10 mz/ms \ /
’<1 =10 ——> T=550°C, p=1.2atm
—

ASSUM PTIONS: (1) Steady-state conditions, ( %Onedl mensiond radial diffusion, (3) Constant
proper S(t ) Homogeneous chemical reactions, (5) Isothermal, constant pressure conditions within
pellet, (6) ationary medl um.

ANALYSI S. (@) In sphericd coordinates, the mass diffusion equation is given by
2xad, i, -
2 ?D %+ Np =0
fir r o

where C, Dag are constant and Na = - kA, Gy . Hence

1d &2 axa 0 K§Ay

X

2 dr8 dr g Deff
The boundary conditions are xa (ro) = Xa s and xa (0) isfinite. Transform the dependent varigble, y °
rXa, with

=0.

o Def
The genera solution is of the form
y =C; sinh(ar) +Cy cosh(ar)
. 12 .
where a° (k§A\ / Dggf )~ “ giving
XA :&sinh(ar)+ﬁcosh(ar)
r r
and using the boundary conditions,
xp (0)finite® Cp =0 XA (fo) =Xa.s® C1=Xa do/sinh(ar).

Continued .....



PROBLEM 14.36 (Cont.)

Hence
sinh(ar)
Xa (1) =xa s(rg /1) ———%. <
A( ) A,S(O )Slnh(al’o)
Applying conservation of speciesto a control volume about the pellet, Na jin +N o g =0, thetotal

rate of consumption of A inthe pelletis
. R _ _ 2 *
-Nag=Nain=Na (ro)—4proJA,r (ro)-

Hence
2\ dXa b _ g ésinh(ar) cosh(ar)u
NA r (o) —(4pro 3 CDegjt o G —TCDeffXA,sQ 5" 5> U
' &=, SNn{ap & r e Gy,
e a u
NA r (ro) = 4proCDeff XA s él- —O(J- <
g tanh(arg)g

The pellet effectiveness e isdefined ase © Na ((ro)/[Na r(ro)] max @d the maximum consumption
occurs if xa(r) = xa sforal 0 £r £r, Hence

L N . _ 4 3

€ u
e=- 232@' Al <
a ro é tanh(aro)g

(b) To evauate the rate, first determine values for these parameters:

c=-P - oA =0.0178 kmol /m3

AT 0.08205 m®xatm/kmol X ~ 823 K
1/2 ) /2
@A, 0 7 A0 m/s 1Bm?im36T 4 g
as¢g—+ = £ > T =7.07"10"m
é Der 2°10°m“/s

ar, =176.8 tanh (arg) =1.
Hence the consumption rate is

NA r (fo) = 4p (0.0025 m)0.0178 kmol/m*” 2" 10" °m?/s” 0.04(1- 176.8)

Nar (fo) =- 7.86" 10" 8kmol/s <
and the effectivenessis

e=- > [1- 176.8] = 0.0169 <

2
(7.07' 10% m 1) (0.0025 m)?

COMMENTS: For the range of conditions of interest, e » 3/ar,. Hence e may be increased by
" 1o, k§ Ay and - Dgss. However, Np (o) would decressewith ~ 1y, kf and ~ A,



PROBLEM 14.37

KNOWN: Molar concentrations of oxygen at inner and outer surfaces of lung tissue. Volumetric rate
of oxygen consumption within the tissue.

FIND: (a Variation of oxygen molar concentration with position in the tissue, (b) Rate of oxygen
transfer to the blood per unit tissue surface area.

SCHEMATIC:

L
X | Oxygen (A)

CA{O) ; ° CA(L) Tissue (B)
AB

Lung fissue

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species transfer by diffusion
through a plane wall, (3) Homogeneous, stationary medium with uniform total molar concentration and
constant diffusion coefficient.

ANALYSIS: (a) From Eq. 14.78 the appropriate form of the species diffusion equation is

2
DaB d C2A - ko =0.
dx
Integrating,
dCp /dx = =_Ko_,2
A X—(kO/DAB)X+C1 Cp =———x“+Cqx+Co.

2DaB
With Cp =Cp (0)at x=0and Cp =Ca (L)at x =L,

_Ca(L)-Ca(0) koL

Cr>=Cx (0 C - )
2=Ca (0) 1 - g
Hence
k X
C =0 -L)+€Ca (L)- Ca (0)g=+Cn (0). <
A (X)= 522 (x- L)+ €A (1)- Ca (0)f7+Ca (0)

(b) The oxygen assimilation rate per unit areais

N& x (L) =-Dag (dCa /dx), -,

COMMENTS: The above mode provides a highly approximate and smplified trestment of a
complicated problem. The lung tissueis actually heterogeneous and conditions are transient.



PROBLEM 14.38

KNOWN: Combustion at constant temperature and pressure of a hydrogen-oxygen mixture adjacent
to ameta wall according to the reaction 2H, + O, ® 2H,0. Molar concentrations of hydrogen,
oxygen, and water vapor are 0.10, 0.10 and 0.20 kmol/m3, respectively. Generation rate of water
vapor is0.96 10 kmol/m>s.

FIND: (a) Expression for CH2 as function of distance from wall, plot qualitatively, (b) CH2 at the
wall, (c) Sketch dlso curves for Co, (x) and CH,0 (x), and (d) Molar flux of water at x = 10mm.

SCHEMATIC:

.30

Z<—Wall NH 0= -o 96 xlO % molfm>-s @ Hz0

“

A 0.201

2 Cy. 010kmol/m3 CA@mol/nﬂ) c

A Coz 010kmo//7ﬂ3 0.10+ (23

* Cry,0=0.20kmol [m> -Cy,

O 10 xfmm) o 10 yfmm)

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiond diffusion, (3) Stationary mixture,
(4) Congtant properties including pressure and temperature.

PROPERTIES: Speciesbinary diffusion coefficient (given, for Hy, O, and HoO): Dag =0.6 " 16°
m’/s.
ANALYSIS: (a) The species conservation equation, Eq. 14.38b, and its genera solution are
2 .
a7Ca , Na _ =0 Ca(x)=- Na X+ Cyx + Co. 12

dx?> DaB 2DpB
The boundary condition at the wal must be dCx (0)/dx = 0, such that C; = 0. For the species hydrogen,

evaluate C; from knowledge of Cpy,, (10 mm) =0.10 kmol/mS and NH2 NHZO’ according

to the chemical reaction. Hence,

(- 0.96" 10 2kmol/m3 >s)

0.10 kmol/m3 = - (0.010 m)? +0+Cy

2706”10 °m?/s
C, =0.02 kmol/m?3,

Hence, the hydrogen species concentration distribution is

NH2

which is parabolic with zero dope at the wall; see sketch above.

x2 +0.02 = 800x 2 +0.02 <

(b) The value of CH2 at thewal is,

Ch, (0) = (0+0.02)kmol/m* =0.02 kmol/m*. <

Continued .....



PROBLEM 14.38 (Cont.)
(c) The concentration distribution for water vapor species will be of the same form,
__NHo o
CH,0(X)=-==5—x“+Cx +Cp )
2 2Dap

With C; = 0 for thewall condition, find C; from Chy,0 (10 mm),

(0.96' 1072 kmo|/m3)
0.20 kmoI/m3 =-

(0.010 m)? +C, C, =0.28kmol/m>
2° 06" 10°°m?/s

Hence, CHZO at thewall is,
Ch,0(0)=0+0+Cp =0.28 kmol/m*

and its distribution appears as above. Recognizing that N02 =-05NH L0 by the same analysis, find

Co, (0) =0.06 kmol/m?

and its shape, also parabolic with zero dope at the wall is shown above.
(d) The molar flux of water vapor at x = 10 mm is given by Fick’s law
dCH,0

dx
and using the concentration distribution of Eq. (3), find

Nfi,ox =-DaB

d e NH20 20
N =-Dag—¢- X“+=+N X
fi,0ox =-DAB dxg Dag " H,0

and evauation at the location x = 10 mm, the speciesflux is

Ng o, (10 mm) = +(O.96’ 10" 2 kmol/m? xs)’ 0.010 m=9.60" 10 *kmol/m®s <

COMMENTS: Note that the generation rate of water vapor is a positive quantity. Whereas for H,
and O, species are consumed and hence N , and N02 are negative. According to the chemical

reaction one mole of H, and 0.5 mole of O, are consumed to generate one mole of H,O. Therefore,
NH2 =- NHZO and N02 =-05 NHZO-



PROBLEM 14.39
KNOWN: Ground level flux of NO, in a stagnant urban atmosphere.

FIND: (a) Governing differential equation and boundary conditions for the molar concentration of
NO,, (b) Concentration of NO, at ground level three hours after the beginning of emissions.

SCHEMATIC:

d TNX,de 11 kol
X+dX ————o——— <~ =—— mo
AP A =3x10
(kCdx (aGyfaN)ds TTT po o sm?
—“"T ;,:—,x —————— Dy 015x10 Tn¥fs

ASSUMPTIONS: (1) One-dimensiond diffusion in a stationary medium, (2) Uniform total molar
concentration, (3) Constant properties.

ANALYSIS: (a) Applying the species conservation requirement, Eq. 14.33, on amolar basisto a unit
area of the control volume,

N x - (kiCa )dx- N x+ax = ﬂﬂtA dx.

With NK -+ = N x +(TNE  /Tx ) dxand Ng x = - Dag(TCa /1x), it follows that

2
DaB T C - k1Ca ﬂCA. <
%2 it
Initial Condition: Cp (X,0) =0. <

fiCa 6

Boundary Conditions: - Dag %
Zx=0

= Nﬁ,o, CA(¥,'[):O. <

(b) The present problem is analogous to Case (2) of Fig. 5.7 for heat conduction in a semi-infinite
medium. Hence by analogy to Eq. 559, with k « Dag anda « Dag,

1/2

® t 0O ® 42 0 Ngox = 0
Ca (x,t)=2Ng% o : ex %0 erfcG X +
g 4D D 172 +
éPDAB o ABt AB  &2(Dapt) g

At ground level (x = 0) and 3h,

1/2
ca(0:3n) = 2(3' 101 kmo|/sxm2) (lO,SOOS/p ©0.15"10"*m? /s) =908 10 "kmol/m>. <

COMMENTS: The concentration decays rapidly to zero with increasing x, and at x = 100 mit is, for
all practical purposes, equa to zero.



PROBLEM 14.40

KNOWN: Carbon dioxide concentration at water surface and reaction rate constant.

FIND: (a) Differentia eguation which governs variation with position and time of CO, concentration
in water, (b) Appropriate boundary conditions and solution for a deep body of water with negligible
chemical reactions.

SCHEMATIC:

ASSUMPTIONS: (1) One-dimensiond diffusion in x, (2) Constant properties, including total density
r, (3) Water is stagnant.

ANALYSIS: (a) From Eq. 14.37b, it follows that, for the prescribed conditions,
2
DABﬂ r?-ker :ﬂr—A. <
X ft

The first term on the | eft-hand side represents the net transport of CO, into a differentia control
volume by diffusion. The second term represents the rate of CO, consumption due to chemical

reactions. The term on the right-hand side represents the rate of increase of CO, storage within the
control volume.

(b) For a deep body of water, appropriate boundary conditions are
ra(0t)=rao
ra(¥t)=0

and, with negligible chemical reactions, the species diffusion equation reduces to

Tra_ 1 Tra
x2 Dag Tt
With aninitia condition, r o(x,0) © r a j = 0, the problem is analogous to that involving heat transfer in a

semi-infinite medium with constant surface temperature. By anaogy to Eq. 5.57, the species
concentration is then

ra(xt)- rA,O:erf?‘e X 9
"TA0 $2(Dast)? 5
& X 0

ra(xt)=r A efct————
§2(Dagt)" 5



PROBLEM 14.41

KNOWN: Initia concentration of hydrogen in a sheet of prescribed thickness. Surface
concentrations for timet > 0.

FIND: Timerequired for density of hydrogen to reach prescribed vaue at midplane of shest.

SCHEMATIC:
L=20mm Ca(x0)=3kmolim’=Cn;
3
(A~ H, Ca(Oty) = 1.2 kg/m/2 kg/kmol

(B)>Solid Ca(Ot;) = 0.6 kmol/m? = Cp

CA(20 mm,t) =0= CA,S
Dyg=9x10m/s

ASSUMPTIONS: (1) One-dimensiond diffusionin x, (2) Constant Dag, (3) No interna chemical
reactions, (4) Uniform total molar concentration.

ANALYSIS: Using Heider chart with heat and mass transfer analogy
+ Ca-Cas _06-0
"Caj-Cas 30-0
With Bipy = ¥, Fig. D.1 may be used with
Go =0.2, Bi"l=0
Fo » 0.75.

=0.2 :g:,

Hence

Fom = 2B = 0.75
L

tf =0.75(0.02m)? /9" 10" 'm? /s

tf =333s. <

COMMENTS: If the one-term approximation to the infinite series solution

¥
qg =4 Cp exp(-Vr%Fo)cos(an )
n=1
isused, it follows that

g(*) » G exp( -V12F0m) =0.2
Using values of \| =1.56 and Cy =1.27, it follows that
exp g (1.56) Fon, g= 0.157

Foy =0.76

which isin excellent agreement with the result from the chart.



PROBLEM 14.42
KNOWN: Sheet material has high, uniform concentration of hydrogen at the end of a process, and is
then subjected to an air stream with a specified, low concentration of hydrogen. Mass transfer
parameters specified include: convection mass transfer coefficient, hyy,, and the mass diffusivity and
solubility of hydrogen (A) in the sheet material (B), Dag and Sap, respectively.

FIND: (a) Thefina massdensity of hydrogen in the material if the sheet is exposed to the air stream

for avery long time, pa 1, (b) Identify and evaluate the parameter that can be used to determine
whether the transient mass diffusion process in the sheet can be characterized by a uniform
concentration at any time; Hint: this situation is analogous to the lumped capacitance method for a
transient heat transfer process; (¢) Determine the time required to reduce the hydrogen concentration
to twice the limiting value calculated in part (a).

SCHEMATIC:
Ca(t), Ca(0) = Ca,i = 320 kmol/m3
Dag = 2.6x108 m2/s
= 3.
A - hydrogen Sag = 160 kmol/m3-atm

T=555K

hy = 1(5) ;n/s
S pnZdaim

Lx  L=3mm Teo= 555 K

B - sheet matl

ASSUMPTIONS: (1) One-dimensional diffusion, (2) Material B is stationary medium, (3) Constant
properties, (4) Uniform temperature in air stream and material, and (5) Ideal gas behavior.

ANALYSIS: (@) Thefina content of Hy in the material will depend upon the solubility of Hy (A) in
the material (B) and its partial pressurein the free stream. From Eq. 14.44,

CA.f =SAB PA 0 =160 kmol / m® [@m x0.1 atm =16 kmol / m°

Pt = Mp Ca § =2kg/kmol x16 kmol / m® =32 kg/ m® <

(b) The parameters associated with transient diffusion in the material follow from the analogous
treatment of Section 5.2 (Fig. 5.3) and are represented in the schematic.

Ca,1
! L c
i he = 1.5 m/s As
i Paw = 0.1 atm ' _":_>
i NA,dif :| NA,conv
i Cam=Caf ift
i ' [
[ _
|—> X L x=L
In the material, from Fick’s law, the diffusive flux is
NA,dif =DaB (CA,1-Ca2)/L @)

At the surface, X = L, the rate equation, Eg. 6.8, convective flux of speciesA is

NA conv = hm (CA,S_CA,OO)
Continued .....



PROBLEM 14.42 (Cont.)
and substituting the ideal gas law, Eq. 14.9, and introducing the solubility relation, Eq. 14.44,

h
N =—M_ (s -S
A,conv Sag Ry Tor ( AB PA s —>AB pA,oo)

h
N2 =—M ___ (Crs-C 2
A, conv SaB Ry To ( 2,3 A,oo) 2

where Ca » = Ca 1, the final concentration in the material after exposure to the air stream along time.
Considering a surface species flux balance, as shown in the schematic above, with the rate equations
(1) and (2),

Dag (CA1-CA2)  hpp
L  SaB Ry Too

(Cas—Car)

Ca1-Ca2 _hn/Sag Ry Tw _ Rmgdif

Cas—Cart DaB/L conv

=Bim ©)

and introducing resistances to species transfer by diffusion, Eq. 14.51, and convection. Recognize

from the analogy to heat transfer, Eq. 5.10 and Table 14.2, that when Bi, < 0.1, the concentration can
be characterized as uniform during the transient process. That is, the diffusion resistance is negligible
compared to the convection resistance,

hmL
SaB Ru T DaB
(15m/hx=3600 s/ h) x0.003 m
160 kmol / m3 [atm x 8.205x10"2m? [@m/ kmol K x555 K x2.68 x108 m?/s

Bipy =

<01 (4)

Bipy =

Bi, =660x107° < 0.1

Hence, the mass transfer process can be treated as a hearly uniform concentration situation. From
conservation of species on the material with uniform concentration,

_Ni'A,conv = N;'A,st

dCa

h—m(CA _CA,f):L a

SaB Ru Te
Integrating, with the initial condition Ca (0) = Ca j, find

Ca -C
A ~Caf :exp(——hmt ] 5 <
Cai—Caf L SaB Ry Teo

Continued .....



PROBLEM 14.42 (Cont.)
which is similar to the analogous heat transfer relation for the lumped capacitance analysis, Eq. 5.6.

I T Ca(t), Na st

—

1
3 1
g ' Nicon

(c) Thetime, to, required for the material to reach a concentration twice that of the limiting value,
Ca (To) =2 Ca f, can be calculated from Eq. (5).

(2—1)><16kmo|/m3_ex [_ 1.5m/hxt, )
(320-16) kmol / m> 0.003 mx 160 kmol / m® [@m x8205 x102 m® @m/ kmol K x555 K

to =42.9 hour <



PROBLEM 14.43

KNOWN: Hydrogen-removal process described in Problem 14.3 (S), but under conditions for which
the mass diffusivity of hydrogen gas (A) in the sheet (B) is Dag = 1.8 x 10! m?/s (instead of

2.6 x 10'8 m2/s). With asmaller Dag, a uniform concentration condition may no longer be assumed
to exist in the material during the removal process.

FIND: (a) Thefina massdensity of hydrogen in the material if the sheet is exposed to the air stream

for avery long time, pa 1, (b) Identify and evaluate the parameters that describe the transient mass
transfer processin the sheet; Hint: this situation is analogousto that of transient heat conductionin a
plane wall; (¢) Assuming a uniform concentration in the sheet at any time during the removal process,
determine the time required to reach twice the limiting mass density calculated in part (a); (d) Using
the analogy developed in part (b), determine the time required to reduce the hydrogen concentration to
twice the limiting value calculated in part (a); Compare the result with that from part (c).

SCHEMATIC:

Ca(t), Ca(0) = Caj = 320 kmol/m3
Dag = 1.8x10-1" m2/s
Sag = 160 kmol/m3-atm
T=555K

] hm =1.5m/s
=0.1 at
i | ?? 22;023atmam

Lx  L=3mm Teo= 555 K

I
!

A -hydrogen !
B - sheet matl !
i

i

ASSUMPTIONS: (1) One-dimensiona diffusion, (2) Material B is a stationary medium, (3)
Constant properties, (4) Uniform temperature in air stream and material, and (5) Ideal gas behavior.

ANALYSIS: (@) Thefina content of Hy in the material will depend upon the solubility of Hy (A) in
the material (B) at its partial pressure in the free stream. From Eq. 14.44,

CAf =SAB PA 0 =160 kmol / m® [@m x0.1 atm =16 kmol / m°

pi =Mp Ca§ =2kg/kmol x16 kmol / m® =32 kg/ m® <

(b) For the plane wall shown in the schematic below, the heat and mass transfer conservation
equations and their initial and boundary conditions are

Heat transfer Mass (Species A) transfer
2 2
AN 9Ch _p, . 9%Ca
T(x,0) =T Ca(x.0)=Cai
oT dCp
—(0,t)=0 0,t)=0
o0t 5y 0
oT dCp h
—k—(L,t) =h[T(L,t) =T, -D L,t)=—__[Cx(x,t)-C
o (L) =h[T(L,1) ~To aB— ~(L.Y) SABRUT[ A(X,t) =Ct |

Continued .....



PROBLEM 14.43 (Cont.)

T(x,t), T(x,0) =T,
p, C, k

Ca(x,t), Ca(x,0) = Cai
DaB, SaB

Teo, T i, Pac
Ly :_ [ﬁ Ly o 'L [ﬁ

The derivation for the species transport surface boundary condition is developed in the solution for
Problem 14.3 (S). The solution to the mass transfer problem isidentical to the analogous heat transfer
problem provided the transport coefficients are represented as

D<:> hm/Sag Ry T
k DaB

(1)

(c) The uniform concentration transient diffusion process is analogous to the heat transfer lumped-
capacitance process. From the solution of Problem 14.3 (S), the time to reach twice the limiting

concentration, Cp (to) = 2 Ca ¢, can be calculated as

Caltg)—-C
A( 0) A,f — exp(_ hm tO j (2)
Ca,i —Caf LSag Ry T

to =429 hour <

For the present situation, the mass transfer Biot number is

hm L
Sag Ru TDaB

Bipy =

(15m/h/3600 s/ h)x 0003 m
160 kmol / m3 (&tm x 8.205x 102 m3 @m/ kmol K x555 K x1.8 x1011m?2 /s

Bipy =

Bijp =95 >> 0.1

and hence the concentration of A within B is not uniform

(d) Invoking the analogy with the heat transfer situation, we can use the one-term series solution, Eg.
5.40, with Bi, <=>Bi and

Dap't 3

Fo, <=>Fo Fom ==
L

Continued .....



PROBLEM 14.43 (Cont.)

With Bi, = 9.5, find {1 = 1.4219 rad and Cq = 1.2609 from Table 5.1, so that Eq. 5.41 becomes

Ca (to)-Cat
Cai—Caf

=C1 exp(—c% Fom)

(2-1) x16 kmol / m>
(320~ 16)kmol / m®

=12609 exp(-1.4219° Fopy)

_18x107 M ? Isxtq

Fo
" (0.003 m)?

=1571

to =218 hour <

COMMENTS: (1) Since Bijy, = 9.5, the uniform concentration assumption is not valid, and we
expect the analysis to provide alonger time estimate to reach Ca(tg) = 2 Ca 1.

(2) Note that the uniform concentration analysis model of part (c) does not include Dag. Why isthis
so?



PROBLEM 14.44
KNOWN: Radius and temperature of air bubble in water.
FIND: Time to reach 99% of saturated vapor concentration at center.

SCHEMATIC:
ro=1mm
V\—\-’A'MM_
= Water =—_
-, - o v\-::\
A’-r -\ T—25 C TN—
e, v

Cas
ASSUMPTIONS: (1) One-dimensiond radia diffusion of vapor in air, (2) Constant properties, (3)
Airisinitidly dry.
PROPERTIES: Table A-8, Water vapor-air (300 K): Dag =0.26 10% m%s.
ANALYSIS: Use Heider charts with heat and mass transfer analogy,

g*o Ca - CA,S 1. Ca .
Cai-Cas Cas

For gg =1- 0.99=0.01and Bif = 0, from Fig. D.7 find Fom » 0.52. Hence with

Fom = DAth =052
o

t= 0.52(10' 6 m2) 10.26 10" 4m?2/s=0.02s. <

COMMENTS: (1) Thisestimateis likely to be conservative, since shear driven motion of air within
the bubble would enhance vapor transport from the surface to the center.

(2) If the one-term approximation to the infinite series solution,

. ¥ sin(Vnr*)
qd =a Chexp ( \4%:0)—*
n=1 Vnf

isused, it follows that with sn 0/0 =1,
gS »CG exp(-leFom) =0.1.

Using valuesof Cq =2.0 and 4 =3.11for Bi, =100, it follows that
0.01=2.0 expg- (3.11)2 Fomg o Foy,=055

which isin reasonable agreement with the Heider chart result.



PROBLEM 14.45
KNOWN: Initia carbon content and prescribed surface content for heated steel.
FIND: Timerequired for carbon mole fraction to reach 0.01 at a distance of 1 mm from the surface.
SCHEMATIC:

Carbon (A)
XA,S =0.02

DypD). 4=2x10 fexp [-17,000/ T(K)]

: Steel (B), x4(x,0)=xa j=0.001
]
]

+——xA(0.001m,+)=0.01

Lo X~

ASSUMPTIONS: (1) Steel may be approximated as a semi-infinite medium, (2) One-dimensional
diffusonin x, (3) Isotherma conditions, (4) No interna chemica reactions, (5) Uniform total molar
concentration.
ANALYSIS: Conditions within the stedl are governed by the species diffusion equation of the form
1°Ca_ 1 fCa
2 Dag Tt

or, in molar form,

Pxa _ 1 fxa
2 Dag Tt
The initial and boundary conditions are of the form
xa (x,0)=0.001

XA (0,t) =xa g=0.02 xa (¥,t) = 0.001.

The problem is analogous to that of hegt transfer in a semi-infinite medium with constant surface
temperature, and by anaogy to Eq. 5.57, the solution is

xa(xt)-xas_ F  x 9
XA,i~ XAs 82(D/_\B'[)1/2;

where
_ 5 1075 [
Dag =2 10" ~exp|- 17,000/1273] =3.17" 10" "'m“ /s,

Hence
% 5
- ¢ ;
(;).0%11 06%22:0_526:erf9 0.001m L
g §2(3.17' 10‘11t) T

where erf w=0.526 ® w » 0.51,

g2
0.51:0.001/2(3.17 10 t) or t=30,321s=842 h. <



PROBLEM 14.46

KNOWN: Thick plate of pureiron at 1000°C subjected to a carburizing process with sudden
exposure to a carbon concentration Cc s at the surface.

FIND: (a) Consider the heat transfer analog to the carburization process; sketch the mass and heat
transfer systems; explain correspondence between variables; provide analytical solutions to the mass

and heat transfer situation; (b) Determine the carbon concentration ratio, Cc (X, t)/Cc s, a adepth of 1
mm after 1 hour of carburization; and (c) From the analogy, show that the time dependence of the

mass flux of carbon into the plate can be expressed as ng = pc s (Dc-Fe/ nt)]jz; also, obtain an
expression for the mass of carbon per unit area entering the iron plate over the time period t.

SCHEMATIC:

Iron Plate
Cci=Cc(x,t<0)=0 /_ T(x, t<0)=T;
Dc-Fe p. ko
_> “%
icx(X.t x(x.t
Cc(0,t>0)=Ccs e Jo.x) T(0,t>0)=Ts — et
Mass transfer L> x Heat transfer > x

ASSUMPTIONS: (1) One-dimensional transient diffusion, (2) Thick plate approximates a semi-
infinite medium for the transient mass and heat transfer processes, and (3) Constant properties.

ANALYSIS: (a) The analogy between the carburizing mass transfer processin the plate and the heat
transfer processisillustrated in the schematic above. The basis for the mass - heat transfer anal ogy
stems from the similarity of the conservation of species and energy equations, the general solution to
the equations, and their initial and boundary conditions. For both processes, the plate is a semi-
infinite medium with initial distributions, Cc (X, t<0) =Ccj=0and T (x, t < 0) = Tj, suddenly

subjected to a surface potential, Cc (0,t>0) =Ccsand T (0, t > 0) = Ts. The heat transfer situation
corresponds to Case 1, Section 5.7, from which the following relations were obtai ned.

Mass transfer Heat transfer
Rate equation
) o0C oT
n — _D C [ _k -
IC AB 5 dx ax
Diffusion equation
i ((? CC) _ 1 dCC [14.84] i (ﬂ) = 1 ﬂ [2.15]
ox \ X Dag Ot ox \dx) a dt
Polential distribution
Cc (% t)-Ces _ TOTs ol X | [556]
0-Ccs Ti=Ts 2(at)1/2
Cc (X’ t) = erf ;]JZ
Ccs 2(DaB t)

Continued .....



PROBLEM 14.46 (Cont.)
Flux

k(Ts=Ti)

See Part (c) qg(t) = (r[at)]jz

[5.58]

(b) Using the concentration distribution expression above, withL =1 mm,t=1hand
Dag =3 x 10'11 m2/s, find the concentration ratio,

Cc (L mm, 1h)  erfc 0.001 m - |= 00814 <

Ces 2(3x10‘11 m?2 / sx 3600 s)

(c) From the heat flux expression above, the mass flux of carbon can be written as

" Dc-re(Pcs—0 12
NCs= ( 177 ) = Pe;s (Dc-Fe/ ) <
(TDc-Fet)

The mass per unit area entering the plate over the time period follows from the integration of the rate
expression

t t
' 1/2 - 1/2
mg (t)= [ resdt=pcs (Dag /M) K Y2 gt =2 pos (Do-pe t/ 1)



PROBLEM 14.47

KNOWN: Thickness, initia condition and bottom surface condition of awater layer.

FIND: (& Time to reach 25% of saturation at top, (b) Amount of salt transfer in that time, (c) Fina
concentration of salt solution at top and bottom.

SCHEMATIC:
_/‘PA (0)=0.25p S
x — B-water
-9 === = S A-salt
Dagel2xl0mile | S 22 520
Lelm==TT =T

ASSUMPTIONS: (1) One-dimensiona diffusion, (2) Uniform total mass density, (3) Constant D g.

ANALYSIS: (a) With constant r and Dag and no homogeneous chemical reactions, Eq. 14.37b
reduces to

Tra _ 1 fra
1x2 Dag Tt
with the origin of coordinates placed at the top of the layer, the dimensionless mass density is
* [ % ran-r1
s (X ,Fom)zgz A- AS ;. 1A
gi TAi-TAs rAs
Hence, g” (0, Fom)=1- 0.25=0.75. Theinitia conditionis " (x* ,o) =1, and the boundary

conditions are

19"

=0 9" (L Fom)=0
™ Iy =0

where the condiion at X =1 correspondsto Biy, = ¥. Hence, the mass transfer problemis
analogous to the heat transfer problem governed by Eq. 5.34 to 5.37. Assuming applicability of a one-
term gpproximation (Fo,, > 0.2), the solution is analogous to Eq. 5.40.

* 2 *
g :Clexp(-v1 Fom)cos(le )
With Biyy =¥, V| =p /2 =1.571 rad and, from Table 5.1, C; » 1.274. Hence, for X* =0,

0.75=1.274exp g (1.571)2 Fom,lg

Fom1 =- In(0.75/1.274)/ (1.571)2 =0.215.
Hence,

2 1m)?
t1= L Fom1 = ( ) 0.215=1.79" 1085 =2071days. <
D m, s 10 92
AB 12710 “ m“/s
Continued .....



PROBLEM 14.47 (Cont.)
(b) The change in the salt mass within the water is

. L
DMA=|\/|A(t1)- MA,i =4I'A- I‘A’i)dV=A% r Adx

Hence,
L
DM & =T AsQ (rA/rA’S)dx
DM& =r ASLQi(l- g*)dx*
‘l' *\y  x
DM& =ra sl le- Clexp(- V12Fom)cos(\{[x )de

DM& =rasl gL Clexp(-\/leom)sinVl/Vlg.

Substituting numerica vaues,

€ 1.274exp§ (1571)70.215%Y
DM & =380 kg/m® (1 m) - € Ll
& 0
DM & =198.7 kg/m?. <

(c) Steady-state conditions correspond to a uniform mass density in the water. Hence,
ra(0¥)=ra(L¥)=DM& /L =198.7 kg/m°, <

COMMENTS: (1) The assumption of constant r isweak, since the density of salt water depends
strongly on the salt composition.

(2) The requirement of Fo,, > 0.2 for the one-term gpproximation to be vaid is barely satisfied.



PROBLEM 14.48
KNOWN: Temperature distribution expression for a semi-infinite medium, initially at a uniform

temperature, that is suddenly exposed to an instantaneous amount of energy, Qg (J/ m2).

Analogous situation of asilicon (Si) wafer with a 1-um layer of phosphorous (P) that is placed in a
furnace suddenly initiating diffusion of Pinto Si.

FIND: (a) Explain the correspondence between the variables in the anal ogous temperature and
concentration distribution expressions, and (b) Determine the mole fraction of P at a depth of 0.1 mm
inthe Si after 30 s.

SCHEMATIC:

T(X,O) = Tl
— /p, ¢, k T(x,1)

Limit gjAr = Q) —>
(Ar—0) — .
—>

T
L s i

X

ASSUMPTIONS: (1) One-dimensional, transient diffusion, (2) Wafer approximates a semi-infinite
medium, (3) Uniform properties, and (4) Diffusion processfor Si and P isinitiated when the wafer
reaches the elevated temperature as a consequence of the large temperature dependence of the
diffusion coefficient.

PROPERTIES:. Givenin statement: Dp.q = 1.2 x 10'17 m2/s; Mass densities of Si and P: 2000 and
2300 kg/m3; Molecular weights of Si and P: 30.97 and 28.09 kg/kmol.
ANALYSIS: (@) For the thermal processillustrated in the schematic, the temperature distribution is

T(x, t)-Ty =— 0 __ exp(-x? / 4at) (HT)

pc(n.a)llz

where T; istheinitial, uniform temperature of the medium. For the mass transfer process, the P
concentration has the form

M n
Cp(x, 1) = =
(TDp-gi 1)
where M P,o isthe molar area density (kmol/mz) of P represented by the film of concentration Cp

73 exp(—x2 /4 Dp_g t) (MT)

and thickness d,.

The correspondence between mass and heat transfer variablesin the equations HT and MT involves
the following conditions. The LHS represents the increase with time of the temperature or
concentration above theinitial uniform distribution. Theinitial concentration is zero, so only the Cp
(%, t) appears. On the RHS note the correspondence of the termsin the exponentia parenthesisand in
the denominator. The thermal diffusivity and diffusion coefficient are directly analogous; this can be
seen by comparing the MT and HT diffusion equations, Eq. 2.15 and 14.84. Theterms Qg / pc and

M’ o for HT and MT represent the energy and mass instantaneously appearing at the surface. The
product pc isthe thermal capacity per unit area and appears in the storage term of the HT diffusion

equation. For MT, the “capacity” term is the volume itself.
Continued .....



PROBLEM 14.48 (Cont.)

(b) The molar area density (kmoI/mz) of P associated with the film of thicknessdy = 1 umand
concentration Cp is

Mpo =Cp,o Wo =(pp/ Mp)dg

Mo = (2000 kg/ m3/3097 kmol / kg) *1 x107% m

Mp o = 6458 x10™> kmol / m?
Substituting numerical valuesinto the MT equation, find

6458 %10 kmol / m?
(nx1.2 x101 m2 /sx30 s)

Cp(021mm, 305) = exp—(0.0001 m)° /(4x12x10™" m?/sx30 s)}

Cp =0.08188 kmol / m3

The mole fraction of Pin the Si wafer is
xp=Cp/Cg =Cp/(ps | Mg;)

Xp = 008188 kmol / m* /(2300 kg/ m*/28.09 kmol / k|

Xp = 2435x107° <
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